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Abstract 
The present work relates to the investigation of cobalt and manganese oxide based compositions as candidate materials for the 
storage of surplus energy, available in the form of heat, generated from high temperature concentrated solar power plants (e.g. 
solar tower, solar dish) via a two-step thermochemical cyclic redox process under air flow. Emphasis is given on the utilization of 
small structured monolithic bodies (flow-through pellets) made entirely from the two aforementioned oxides. As compared to the 
respective powders, and in addition to the natural advantage of substantially lower pressure drop that monolithic structures can 
offer, this study demonstrated that structured bodies can also improve redox kinetics to a measurable extent. Cobalt oxide was 
found to be superior to manganese oxide both from an estimated energy density and from a redox reactions kinetics point-of-
view. Among the redox conditions studied, the optimum reduction-oxidation operating window for the former oxide was 
determined to be in the range of 1000-800oC, while for the latter material no clear conclusion was drawn with reduction reaching 
its maximum extent at 1000oC and oxidation occurring in the range of 500-650oC. In both cases, no significant degradation of 
redox performance was observed upon cyclic operation (up to 10 cycles), however manganese oxide showed notably slower 
oxidation kinetics.  
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1. Introduction 
Due to the intermittent nature of solar energy, the production of electricity via concentrated solar power (CSP) 
requires the presence of efficient, robust and high energy density systems, allowing the extension of CSP plants 
operation under off-sun conditions. Currently, such storage concepts are based on molten salts, the energy density of 
which (up to approximately 200 kJ/kg) is relatively low and therefore the incorporation of relevant high capacity 
storage systems in CSP plants translates to constructions and components of substantially large sizes, thereby 
inducing high installation and operation costs. To this respect, several cyclic thermochemical concepts have been 
proposed in the literature. Indicatively, relevant approaches involve cyclic processes such as hydration/dehydration 
of CaO [1] and MgO [2], the cyclic decomposition and synthesis of ammonia [3] as well as the 3-step cyclic 
elemental sulfur formation/combustion in a closed scheme involving sulfuric acid [4]. 
Recently, the utilization of redox ceramic materials as candidate key-components of compact storage systems for 
CSP plants was proposed [5]. A typical scheme for such a metal oxide (MO) based system is described by the 
following general two-step thermochemical cycle: 
 
MOoxidized + air + Heat o MOreduced + O2-depleted air (endothermic/energy storage step, T=Thigh)             (1) 
  
MOreduced + air o MOoxidized + O2-rich air + Heat (exothermic/energy release step, T=Tlow)                    (2) 
 
One of the advantages of such a scheme is the fact that it can be operated via the utilization of ambient air as the 
working fluid of the thermochemical heat storage (THS) system during both steps. In addition, this characteristic 
renders the particular approach notably compatible to CSP plants utilizing ambient air as the medium to be heated to 
high-temperatures (e.g. Solar tower at Jülich [6]). In this way, under excess energy conditions, a part of the heated 
air can be directed to drive the endothermic step (1) of the process (storage). Under energy-shortage conditions (e.g. 
off-sun), the exothermic reaction (2) can be initiated. The system can be regulated/designed in a way that during 
both steps, the air exiting the system maintains a constant temperature. In general, all CSP plant 
designs/technologies, under the prerequisite that they can provide adequately high temperatures for the reduction 
reaction to occur, could be compatible with such a THS redox storage concept.   
 Based on preliminary theoretical and proof-of-principle experimental studies [5], cobalt oxides (Co3O4/CoO) and 
manganese oxides (MnO2/Mn3O4/Mn2O3) were qualified as the most promising ones, both from a practical and a 
cost-effective point-of-view. Indeed, the redox transition temperatures of these two systems lie in the range of 550-
1000oC and thus can be well-combined with the operation of high temperature CSP installations (e.g. solar tower 
and solar dish based plants). 
Neises et al [7] conducted an experimental campaign with Co3O4 and Co3O4/Al2O3 powders in a rotary kiln 
reactor, heated with the aid of an in-house built solar furnace, at an adequately high temperature (approximately 
1000oC), during which reduction to CoO took place. Upon interruption of external heating, the reactor was cooled 
down and at temperatures below 850oC, re-oxidation to Co3O4 was identified. Based on oxygen measurements 
performed in the course of several successive redox cycles, they estimated the energy density of such a system to be 
equal or higher than 400 kJ/kg.  
In the present study, acknowledging the fact that the utilization of cobalt oxide and other suitable multivalent 
oxides in the form of powders may be quite challenging when scaling up to industrial-relevant applications is 
needed, the fabrication and proof-of-concept evaluation of small structured monolithic bodies (flow-though pellets) 
made entirely from the aforementioned oxides was studied. The use of structured monolithic bodies as sensible heat 
storage media has already been considered and investigated [6], however here the aim is to also exploit the heat 
cyclically released/absorbed via a reversible redox transition between a high valence and a low valence oxide.     
2. Experimental 
The flow-through pellets evaluated in the present study were prepared with the aid of an in-house built hydraulic 
press and according to the procedure depicted in Fig. 1. As an example, a photograph of a pellet prepared by the 
described process is also provided. After their preparation, the green bodies were calcined under air at 1000oC for 2 
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hours and their final mass corresponded to 9-10 g. Both oxides studied here were acquired from commercial sources 
in powder form (Co3O4 and Mn3O4 grades).  
 
Fig. 1. Simplified schematic description of the procedure followed for the preparation of the flow-through pellets  
The experimental evaluation of the pelletized samples was performed with the aid of a dedicated test rig, a 
simplified description of which is shown in Fig. 2. During their thermal cycling, the samples were located inside an 
alumina tube and supported by a quartz wool layer, firmly placed downstream of the bed. An air flow of 2 lpm (std) 
was employed and the oxygen changes during reduction (oxygen generation) and oxidation (oxygen consumption) 
steps were monitored with the aid of 2 on-line oxygen sensors (Sensor Technics Model XYA5M), installed 
upstream and downstream of the sample. In order to ensure maximum accuracy of measurements and also as a 
failsafe measure, an oxygen analyzer (Signal Model 8000M) placed downstream of the sample was also employed. 
A thermocouple located just on top of the pellet/bed was used for measuring the temperature of the air flowing 
through the alumina tube. Unless otherwise stated, the heating/cooling rate during the cyclic redox experiments was 
regulated at 15oC/min. 
In the case of cobalt oxide, reduction and oxidation temperatures varied in the range of 1000-1100oC and 800-
900oC respectively. With respect to manganese oxide, reduction was also studied in the range of 1000-1100oC, 
while oxidation was evaluated for temperatures varying from 500 to 750oC. The aforementioned temperatures were 
chosen based on preliminary thermodynamic calculations regarding the reduction reaction step and 
thermogravimetric analysis under air with respect to both reduction and oxidation reactions, which are not presented 
here for reasons of brevity.  
Based on the oxygen release measurements during reduction and subsequent comparison to the theoretical 
maximum amounts (i.e. reduction step at full completion) and by using the corresponding thermodynamic ΔHreaction 
data, estimations on the energy released during oxidation were made. More specifically, the aforementioned 
calculations were made according to the following formula: 
Ereleased = ΔΗreaction @ Toxidation·(nO2, released measured/nO2, maximum) (3) 
where ΔΗreaction @ Toxidation refers to the enthalpy of oxidation step at the oxidation temperature, nO2, released measured is 
the cumulative amount of oxygen moles produced during reduction as measured experimentally and nO2, maximum 
corresponds to the maximum cumulative amount of oxygen released under hypothetical full reduction of the oxide. 
The samples were pre- and post-characterized with the aid of X-Ray Diffraction-XRD (Siemens D-500 
Kristalloflex X-ray powder diffractometer/Cu Ka radiation), in order to identify/verify the main structural 
differences occurring during thermal cycling. 
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Fig. 2. Experimental setup employed for the evaluation of redox samples 
3. Results and discussion 
3.1 Cobalt oxide 
The first test involved the 6-cycle evaluation of the commercial cobalt oxide powder (10g). The redox oxygen 
profiles during the cyclic experiment are presented in Fig. 3. Evidently, the material showed a very good cycle-to-
cycle stability, with the curves attributed to the reduction and oxidation reactions being nearly-symmetric. The 
average amount of oxygen released in the course of the 6 cycles performed in the fixed bed reactor corresponded to 
approximately 60% of the theoretical maximum one (i.e. approximately 1290 μmol/g Co3O4 vs 2076 μmol/g Co3O4). 
Thus, the estimated energy release during oxidation, based on the formula provided by equation (3), was 495 kJ/kg 
Co3O4. The reduction steps started at approximately 930oC, reached the maximum oxygen concentration at circa 
1000oC and reached completion within the duration of the isothermal operation at 1000oC. On the other hand, the 
onset temperature of the oxidation steps, occurring upon cooling from 1000oC to 800oC, was observed at around 
880oC, the minimum oxygen concentration was identified at about 800oC and the reaction was completed just before 
the end of the isothermal step at 800oC. It is important to note that reduction was systematically faster than 
oxidation, with the corresponding average cycle-to-cycle durations being approximately 19 min and 22 min 
respectively. It is also noted that the cycle-to-cycle O2 balance during the two reaction steps, as calculated by the 
integrals of O2 release/consumption curves, had a standard deviation lower or equal to 10%, thus indicating good 
cyclic consistency of the system.  
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Fig. 3: Cyclic thermochemical evaluation of the cobalt oxide powder. 
Following the above experiment, the next test was performed with a flow-through dense pellet (28.5 mm 
diameter, 4.4 mm thickness, 10g mass) made from the same commercial cobalt oxide powder presented above. The 
10-cycle experiment is presented in Fig. 4, while Fig. 5 shows a direct comparison between the two cases for three 
successive cycles (cycle#3 to cycle #5). 
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Fig. 4: Cyclic thermochemical evaluation of the cobalt oxide pellet redox performance. 
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Fig. 5: Comparison of thermochemical redox behavior of cobalt oxide in powder and pellet form. 
Evidently, the same qualitative observations apply for the two experiments. However, it is of prime importance to 
highlight that, albeit in both cases the cycle-to-cycle overall amount of oxygen released/consumed was 
approximately the same, reduction and oxidation reactions occurred faster in the pellet case. The average cycle-to-
cycle duration of the reduction step in the pellet case was ~17 min, while the oxidation step lasted ~18 min. This is 
an important finding that underlines one additional advantage, apart from the naturally low pressure drop induced 
energy losses that a monolithic/structured reactor approach can offer, when compared to a powder bed. The clear 
difference in the reaction rates observed here can be attributed to the better heat transfer characteristics that the 
pellet possesses.  
The next step was to perform a parametric analysis in order to identify whether a temperature window different 
than the one of 800-1000oC could offer improved redox performance, both from the extent of reduction reaction and 
from a kinetic point-of-view. To this respect, a fresh cobalt oxide dense flow-through pellet, identical to the one 
described above and under the same flow and heating/cooling rate conditions, was utilized in a test that the 
reduction temperature varied from 1000 to 1100oC, while the oxidation one ranged from 800 to 900oC. The results 
are shown in Fig. 6. Evidently, the increase in the reduction temperature did not result to an increase in the oxygen 
amount released. On the other hand, the increase in the low temperature isothermal step had a clear negative effect 
on the re-oxidation reaction, with 900oC being detrimental to the occurrence of the material oxidation.  
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Fig. 6: Parametric study of reduction & oxidation temperatures  
3.2 Manganese oxide 
The first test involved the 6-cycle evaluation (1000-500oC) of a manganese oxide dense pellet and the results of 
oxygen concentration and temperature evolution versus time are presented in Fig. 7. Similarly to the cobalt oxide 
case, the reduction step was fast (completed within approximately 13 min) and occurred in the range of 920-1000oC. 
On the other hand, oxidation was notably slower and proceeded in two phases; one during the cooling step, in the 
range of 700-500oC and one during heating up of the sample in the range of 500-850oC. As can be seen from Fig. 7, 
the attempt to merge the two oxidation steps into (a preferably much faster) one by coarse temperature tuning during 
the 5th cycle of the experiment was unsuccessful. Based on the fact that oxidation steps spanned over a very broad 
temperature range, the experiment shown in Fig. 7 was repeated for 1 full redox cycle and XRD analysis after each 
oxidation step was performed. The results confirmed that the only transition occurred was the Mn2O3 l Mn3O4 one 
and that any formation of MnO2 was either negligible or non-existent. The average amount of oxygen released 
during the reduction step, in the course of the 6 cycles performed in the fixed bed reactor, corresponded to 
approximately 50% of the theoretical maximum of the Mn2O3 l Mn3O4 transformation and the estimated energy 
release during oxidation was 110 kJ/kg Mn3O4. The cycle-to-cycle amounts of O2 released/consumed during 
reduction/oxidation phases were in good agreement, with the overall O2 balance being close to zero.  
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Fig. 7: Cyclic evaluation of a manganese oxide flow-through pellet. 
Following the above test, a parametric analysis regarding both oxidation and reduction temperatures (650-750oC 
and 1000-1100oC respectively) was conducted (Fig. 8). The oxidation step at 700oC was successful in terms of 
merging the two oxidation steps into one, however the reaction remained notably slow (completed within 45 min). 
Further modification of the oxidation temperature to either 750oC or to 650oC had a clear negative effect. Moreover, 
similarly to the cobalt oxide case, an increase in the reduction temperature to 1100oC did not cause higher O2 
release. As an overall conclusion, the manganese oxide system was characterized by a substantially lower energy 
density in comparison to that of cobalt oxide, while at the same time its oxidation reaction kinetics were very slow, 
thereby raising issues on whether this key-energy release step could be adjusted to a practical THS application. 
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Fig. 8: Evaluation of a manganese oxide flow-through pellet: Effect of reduction-oxidation temperatures 
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Table 1 summarizes the main results regarding the redox behavior of cobalt and manganese oxides, according to 
the studies conducted in the present work. It also contains the main findings of the XRD analysis of the samples, 
conducted before and after their cyclic thermochemical evaluation. 
Table 1. Overview of main results and XRD findings from the thermochemical evaluation of the two oxides 
Sample 
Avg amount of 
O2 released 
(reduction) 
Avg amount of O2 
consumed 
(oxidation) 
Estimated avg 
energy density 
XRD analysis  
fresh sample used sample 
Cobalt oxide 
powder 
1295 μmol/g 1290 μmol/g 495 kJ/kg Co3O4: main phase 
CoO: secondary but 
clearly identifiable 
phase 
The two cobalt oxide phases 
clearly identified both in reduced 
and oxidized samples. Co4O4: 
dominant phase after oxidation 
step. CoO: dominant phase after 
reduction  
Cobalt oxide 
pellet 
1345 μmol/g 1330 μmol/g 515 kJ/kg 
Manganese 
oxide pellet 
(cycled 
between 
1000-500oC) 
520 μmol/g 550 μmol/g 110 kJ/kg Mn2O3 & Mn3O4 
phases. Peaks of 
similar intensities 
Reduced sample: Both phases 
identified with Mn3O4 being the 
major one but with Mn2O3 present 
in appreciable amounts. 
Oxidized sample: Mn3O4 was the 
major phase after 1st oxidation 
step, while Mn2O3 was dominant 
after the 2nd oxidation step 
 
4. Conclusions 
The main conclusions of the present study are summarized as follows: 
x Cobalt oxide, when shaped into a dense flow-through structured body (pellet) exhibited better performance than 
the respective powder, particularly from a redox reaction kinetics point-of-view. This was attributed to the 
naturally better heat transfer characteristics that a relatively denser body of a given material possesses. 
x Manganese oxide behaved similarly to cobalt oxide during reduction, however its oxidation kinetics – over a 
wide temperature range – were proven to be notably slower or in some cases practically non-existent. As proven 
from relevant post-analysis, the transition taking place during redox cycling of manganese oxide, even at low 
temperatures (i.e. <550oC), was the Mn2O3 l Mn3O4 one.  
x The calculated energy density of the cobalt oxide system, based on the oxygen release/consumption 
measurements upon redox thermochemical cycling, was almost 5 times higher than the one of manganese oxide 
pair. 
Regarding future work, more emphasis will be given to cobalt oxide and in particular activities aiming at the 
enhancement of its oxygen transfer properties, so that even higher reduction rates and therefore increased energy 
densities per unit mass of redox material will be achieved. Moreover, cobalt oxide based materials of various 
monolithic structures and designs will be prepared and evaluated.   
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